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ABSTRACT Q1
Q2
The concept of a flexible, large-area, organic light emitting diode
(OLED)-based lighting system with a modular structure and built-in intelligent
5light management is introduced. Such a flexible, thin, portable lighting system with
discreetly integrated electronics is important in order to allow the implementation
of the lighting system into a variety of places, such as cars and temporary expedition
areas. A modular construction of an OLED lighting panel makes it possible to
control each OLED cell individually. This not only enables us to counteract aging
10or degradation effects in the OLED cells but it also allows individual OLED
module brightness control to support human or ambient interaction based on
integrated or centralized sensors. Moreover, integrating the driving electronics in
the backplane of an OLED module improves the energy efficiency of operating
large OLED panels. The thin, modular construction and individual, dynamic
15control are successfully demonstrated.
KEYWORDS aging compensation, flexible, interaction, large-area, lighting system,
modular, OLED
1. INTRODUCTION
Current organic light emitting diode (OLED) technology developments are mostly
20concentrating on material research [1–5], higher efficiency, low-cost production, et
cetera. To fully exploit the potential of OLED (foils) in a lighting system, more
developments are needed concerning driving electronics, power distribution, inte-
gration and miniaturization, human interface, and other added functionality (for
example, sensing).
25The European FP7 project IMOLA [6] (Intelligent light Management for
OLED on foil Applications) addresses exactly this missing link to a fully flexible
lighting product. The main concept of the IMOLA project, illustrated in Fig. 1, is
the realization of an interactive, modular, flexible, large-area, OLED-based lighting
system on low-cost foil with built-in intelligent light management. The final
30demonstrator realized within the IMOLA project consists of 15 small panels each
containing a 2 × 2 matrix of OLED modules, which is shown in Fig. 2.
Possible applications are widespread, with interesting examples like wall, ceiling, and
automotive lighting (both inside and on the outside of the car). The light intensity can
be adjusted uniformly on the whole OLED panel, but due to the modular nature the
35brightness can also be adjusted locally at the module level. This enables advanced
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features with human interaction capability: light on a ceiling
or wall can follow the position of a person, or light can
gradually move from east to west to create a daylight experi-
ence. In case of application in road lighting, light can be
40 adapted depending on the position of a car.
The proposed lighting system is based on state-of-
the-art technologies and methodologies; that is, flexible
substrates, component embedding, driver design, OLED
aging compensation, and gesture sensing. Yet, the com-
45 bination and integration of all of the different aspects
into a flexible, modular, interactive, and lightweight
lighting system is far beyond state of the art. Other
innovative developments are situated in the OLED
driver concept [7] and the technology integration chal-
50 lenges [8].
This article focusses on the OLED driver concept,
including OLED aging compensation and human inter-
face, and the challenges imposed by the integration of the
electronics. The results are demonstrated in a 2 × 2 matrix
55 of glass OLEDs on a polyethylene terephthalate (PET)
substrate making the system semiflexible, but similar
results apply onto a fully flexible system with flexible
OLEDs. The flexibility of a PET substrate with Cu (cop-
per) tracks is demonstrated in Fig. 3, showing the sub-
60strate that was used for driving two OLEDs integrated in
the dome of a car. The microcontroller in the middle of
the substrate was thinned down to 35 µm in order to
improve flexibility.
One could supply the complete OLED panel (consist-
65ing of different OLED modules) from one single voltage
(OLED modules are driven in parallel) without local
voltage control for each individual OLED module. Yet,
this has several drawbacks: it is impossible to compensate
for individual OLED light output differences; it is very
70energy inefficient, especially for larger panels, due to the
high currents; and human interaction or any other features
are not possible. In order to compensate for these draw-
backs, the OLED lighting panel is constructed in a mod-
ular way, meaning that each OLED is driven by its
75individual driver chip.
Fig. 1 3D impression of the IMOLA project. The driver and inductor are integrated on the same foil behind each OLED cell.
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2. OLED DRIVER ELECTRONICS
The concept of the modular construction of an OLED
panel has already been demonstrated by Philips’
LivingShapes interactive wall [9]. In contrast to the
80 demonstrator we propose in this article, the interactive
wall of Philips is very bulky and energy inefficient and
does not contain a feedback loop to compensate for indi-
vidual OLED light output differences.
To meet the demands of the IMOLA project—that is,
85 the maximal integration of the electronics into the back-
plane of the OLED—a new driver chip was designed. The
operation frequency of the driver chip was set high enough
in order to allow for a low inductor value (an inductor is
needed for the operation of the driver chip; see later) Q3and
90therefore for a planar inductor.
The OLEDs used in the 2 × 2 demonstrator proposed in
this article are the L0023 OLEDs (Mosiled) from Philips. Q4
The conversion of the 24 V (lighting standard) to the
OLED operating voltage (7.2 V nominal) is done by
95means of the buck converter integrated on the driver chip.
Basically, a buck converter consists of two switches, alter-
nating switching to ground and the supply voltage, and an
inductor to stabilize the OLED voltage/current. The vol-
tage conversion is done locally on the backplane of each
100OLED to avoid high currents in the power supply tracks.
Because the goal is to have a thin, unobtrusive, semiflexible
system, it is not possible to use an external inductor.
The University of Zagreb did an extensive study on the
integration of a planar inductor into the backplane foil
105[10]. The result is that it is possible to embed inductors
with an inductance in the order of 5 to 10 µH. Higher
(planar) inductances would occupy a larger area, which is
not favorable because the aim is to make a compact
system. Moreover, the space allowed for the electronics is
110limited to the dimensions of the OLEDs, which is about
55 cm2 for the OLEDs used in the demonstrator proposed
in this article. Inductances on the order of 5 to 10 µH are
too low for the targeted application in combination with
available buck converters. Therefore, a custom-made dri-
115ver chip was designed that switches at 10 MHz, allowing
the integration of a planar inductor into a flexible sub-
strate. In addition to the driving electronics (inductor
excluded), the driver chip contains the feedback electro-
nics to control the OLED current [11].
120The back and front sides of the 2 × 2 OLED matrix are
shown in Figs. 4 and 5. The front side contains both the
OLEDs and the sensors for human interaction. The back
side contains the inductor coils as well as the four driver
chips. Furthermore, a microcontroller can be added in the
Fig. 2 Final demonstrator of the IMOLA project.
Fig. 3 PET substrate with Cu tracks and a microcontroller.
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125 middle to control the driver chips and to allow (DALI)
communication between different OLED panels. The total
thickness, excluding the OLEDs and the connectors, is
3.3 mm (in a final application, bulky connectors are not
necessary). Choosing thinner off-the-shelf components or
130 thinning down the components as is done with the micro-
controller in Fig. 3 allows a theoretical thickness of 320 µm.
In the next sections, the algorithm to compensate for
OLED aging, the human interface, and the electrical and
optical measurement results are discussed.
135 3. AGING COMPENSATION
3.1. OLED Aging Modeling
The aging of organic light emitting diodes is more pro-
nounced than in inorganic diodes and it presents a
challenge in OLED luminaire design. The aging of an
140OLED luminaire can be compensated for by applying a
smart control algorithm. Ideally the compensation algo-
rithm uses closed-loop control and corrects the luminance
degradation based on the feedback from a luminance
sensor. Due to the low profile of the OLED luminaire,
145it is difficult to incorporate a luminance sensor and the
compensation algorithm controls the OLED in an open
loop. The compensation algorithm increases the driving
current of the OLED module as it ages, thus keeping its
luminance in a predefined range.
150The design of the compensation algorithm is based on
the simulation of the OLED module behavior with respect
to the time and driving current. The luminous flux of the
OLED is proportional to the driving current; that is, the
luminance of the OLED is proportional to the density of
155the driving current [12]. The behavior of the OLED
module with respect to the aging process is based on
modeling its current efficiency k, which is defined as
k ¼ L
j
; (1)
where L is the luminance and j is the driving current
density of the OLED cell. The process of degradation of
160the OLED is complex and cannot be modeled using a
monoexponential decay function. The decay of the cur-
rent efficiency of the OLED can be accurately modeled
using the stretched exponential function [13]
k tð Þ ¼ k0exp  tτ
 β 
; (2)
where β is the stretch factor, τ is the time constant, and t is
165the operational time of the OLED. Due to the stretch factor,
the relation between the time constant τ and lifetime τ70 is
τ70 ¼ τ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ln 0:7ð Þβ
p
; (3)
where τ70 is defined as the time needed for the luminance
to decay to 70% of the initial value.
The OLED degrades faster when it is driven by a larger
170current due to the increased self-heating. This relation
between the lifetime τ70 and the driving current density j
is described by the Coffin-Manson fatigue model [14]
τ70 jð Þ ¼ cjn; (4)
where c is the model constant and n is the aging factor.
Fig. 4 2 × 2 OLED panel on a 250-µm-thick PET foil—back side.
Optionally, a microcontroller can be placed in the middle to add
intelligent features such as motion detection.
Fig. 5 2 × 2 OLED panel on a 250-µm-thick PET foil—front side.
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The model that relates the luminance of an OLED with its
175 driving current and the operational time is derived by combin-
ing the Coffin-Manson model with the stretched exponential
functions (2) and (3). This yields the OLED aging model used
for simulations of the compensation algorithm
k t2; jð Þ ¼ k t1; jð Þexp ln 0:7ð Þ t
β
2  tβ1
cjnð Þβ
" #
; (5)
where k(t1, j) is the current efficiency at the beginning,
180 and k(t2, j) is the current efficiency at the end of the
simulated period at a given driving current density. The
model assumes that the efficiency ages for a given time
period and a given current level in the same manner
independent of the driving current levels in the previous
185 time periods. Table 1 shows the model parameters that are
fitted using the measurement data at room temperature (T
= 25°C). The data are based on measuring the OLED
output luminance as it degrades with time for four differ-
ent levels of the driving current density and consists of
190 three measurements per current density level; that is, a
total of 12 measurements.
3.2. Compensation Algorithm Design
The goal of the compensation algorithm is to increase the
lifetime τ70 of an OLED luminaire beyond the nominal
195 lifetime of the OLED module. The studied compensation
algorithm consists of two driving current increments ΔI1 and
ΔI2 introduced after the time periods ΔT1 and ΔT2. The
number of algorithm parameters is reduced by fixing the
second current increment to a defined maximum current
200 level Ilimit. Figure 6 shows an example algorithm design.
The figures of merit of the algorithm design simula-
tions are the lifetime τ70 and the luminance error εL.
The luminance error is the root mean square error of
the luminance with respect to the initial nominal
205 luminance L0. The compensation algorithm is analyzed
using the numerical simulations of the OLED module
by varying the parameters of the compensation algo-
rithm. The simulations of the OLED module and the
compensation algorithm are based on the parameter
210sweeps in Table 2.
Figure 7 shows the simulation results in the lifetime-
luminance error space where the Pareto front is empha-
sized. The Pareto front designs maximize the lifetime
while minimizing the luminance error of the OLED
215luminaire. Table 3 shows the parameters of Pareto-optimal
designs I, II, and III in Fig. 7.
The simulation results show that the lifetime τ70 ranges
from 16,000 to 19,000 h, which is a 60% to 90% increase
from the nominal lifetime. The luminance root mean
220square error ranges from 280 to 400 cd/m2, which is
14%–20% of the nominal luminance. The results also
show that there is a trade-off between the lifetime increase
and the luminance error; that is, the algorithm that greatly
increases the lifetime also causes larger deviations of the
225OLED luminance from its nominal value. The three
examples of Pareto-optimal design show that an increase
of the current increment ΔI1 increases both the lifetime
τ70 and luminance error εL, while the time period ΔT2
remains the same.TABLE 1 Parameters of the OLED cell and its aging model
Parameter name Parameter value
Nominal luminance L0 2000 cd/m
2
Nominal current I0 300 mA
Nominal current density j0 8 mA/cm
2
Nominal lifetime τ70 10 kh
Stretch factor β 0.818
Ageing factor n 2.14
Constant c 1.46e5 h * (A/m2)n
Fig. 6 Example algorithm design with Pareto-optimal para-
meters (ΔI1 = 24% I0, ΔI2 = 26% I0, ΔT1 = 9 kh, ΔI2 = 5.5 kh).
TABLE 2 Simulated parameters of the compensation algorithm
Parameter name Parameter value
Current increment ΔI1 0–50%
Current limit Ilimit 1.5 I0
Time period ΔI1 5–10 kh
Time period ΔI2 0–10 kh
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230 The parameters of the compensation algorithm are
determined using the OLED aging model. The algorithm
uses open-loop control of the driving OLED current and
thus it is implemented in the backplane firmware of the
OLED luminaire using a single function. The main pur-
235 pose of the function is to keep track of the operational
time t of the OLED module and to update the driving
current according to the compensation algorithm.
The compensation algorithm uses two current increments
and can be improved by adding additional current incre-
240 ments. By breaking the current adjustment into more than
two discrete current increments, a lower luminance error
could be achieved. Using more current increments also
requires a more accurate model of the OLED aging because
the error of the OLED aging model is accumulated during
245the execution of the algorithm at each current increase. The
compensation algorithm offsets the reduced current effi-
ciency due to OLED aging by increasing the driving current.
This in turn also increases the power consumption of the
luminaire and decreases its efficiency. Though the increased
250driving current compensates for the luminance decay, it also
accelerates the changes in the spectrum composition of the
OLED cell. The resulting algorithms are not experimentally
verified due to the long duration of such measurements (up
to 20,000 hours). Potential inaccuracies of the luminance
255aging model can result in a shorter lifetime of the luminaire
than predicted (caused by incorrect parameters of the aging
compensation algorithm) or a greater variability of its lumi-
nance during operation.
4. HUMAN INTERFACE
260Ordinary lighting fixtures are getting more functions, such
as the possibility of controlling them with a smartphone in a
Domotica system, based on DMX, Zigbee, DALI, or other
protocols. Regardless of these external controls, simple,
direct control over lighting is still desirable. To account
265for this, a human interface was implemented in the back-
plane of the OLED panel (consisting of a 2 × 2 matrix of
OLED modules; Fig. 5), allowing the user to have direct
control over the light output of the lighting module without
the need for an external controlling device.
270The human interface that is developed consists of both
a gesture sensor and a sound detector. The gesture sensor
can be used to control an individual backplane and to
accurately control the light output from the OLED panel,
whereas the sound detector can be used for quick on–off
275interaction and interact with multiple panels simulta-
neously. Figure 8 shows where the electronics of the
OLED panel are located.
4.1. Gesture Sensing
The gesture sensor consists of an optical sensor (si1443
280from Silicon Labs) Q5combined with three infrared LEDs,
placed at a distance of 55 mm on three sides of the sensor.
The infrared (IR) LEDs are each driven sequentially after
each other by the sensor multiple times per second. After
driving an IR LED, the amount of reflected infrared light
285is measured. When the measurement is complete, the
sensor drives the second IR LED, et cetera.
Combining the reflective measurement data and com-
paring this to a threshold, the presence of an object in
front of the sensor can be detected. Because the
Fig. 7 Results of the algorithm simulation in the RMS luminance
error versus lifetime space and the front of the Pareto-optimal
algorithm designs.
TABLE 3 Example Pareto-optimal designs of the compensation
algorithm
Design no. τ70 (kh) εL (cd/m
2) ΔI1/I0 (%)
I 16 285 16.5
II 18 340 21.6
III 19 396 34.5
Design no. ΔI2/I0 (%) ΔT1 (kh) ΔT2 (kh)
I 33.5 6.58 5.02
II 28.4 7.11 4.99
III 15.5 8.42 4.98
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290 measurement will take place multiple times per second,
changes in the reflected infrared light can be observed. By
looking at the location of the peaks in the measured
channels in time, several preprogrammed gestures can be
recognized. Storage and analysis of the measurement data
295 is done in the firmware of the microprocessor that drives
the intelligent backplane.
Plots of the measured data with this sensor with differ-
ent hand gestures are provided in Fig. 9.
After determining the hand gesture, the four
300 OLEDs on the backplane are driven correspondingly.
Functions such as increasing and decreasing the light
intensity with up and down hand gestures were imple-
mented into the final demonstrator as well as the
ability to select an individual OLED by waving left
305and right. Such gesture sensing interface could be
implemented in the dome light of a car, selecting the
driver or passenger side and tuning the light intensity
without compromising a clean look of the interior. For
a wall lighting application, the gesture sensing can be
310used to realize an interactive showpiece as seen in
Fig. 2. By waving gestures in front of the wall light,
a user is able to “draw” patterns in order to realize a
dynamic lighting canvas.
Fig. 8 Human interface: gesture sensing and sound detection.
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4.2. Sound Detection
315 Because the gesture-based sensors will allow interaction
with each individual backplane or even individual
OLEDs, it was decided that sound detection would be
used for interaction with a larger setup, consisting of multi-
ple backplanes, as a single entity. However, because a back-
320 plane should also be able to function by itself, a microphone
should be implemented in each individual backplane.
For sound sensing, it was determined that only a reac-
tion of the system to a peak sound—for example, a hand
clap or another loud, short sound—was needed. The idea
325 behind this is to have the system respond to a clap to be
turned on or off completely, as in the well-known
“Clapper” light switch.
Because of this, a simple amplifier circuit connected
to a microphone component was sufficient to act as a
330 high-level interrupt input for the microprocessor when
a sound peak was present. Regardless of hand gestures,
all backplanes, whether by themselves or in a grid, will
turn all OLEDs on if a clap is made by the person
interacting with the installation. Another clap will dim
335 all of the OLEDs. If separate tiles were placed in a
room without a data connection between them, the
sound detection would allow the user to easily switch
on or off all OLED panels at once by clapping his
hands.
340When the human interface in the wall light demon-
strator is not detecting any gestures or claps for a set
amount of time, the intelligent backplane switches to
idle mode, where there is a soft “breathing” pattern
presented on the OLEDs. The backplane will then
345remain in this mode until an interaction is detected
or the system is reset.
5. MEASUREMENT RESULTS
The size of the proposed 2 × 2 OLED matrix is 16 cm ×
16 cm with a thickness of 3.3 mm. The efficiency of this 2
350× 2 OLED matrix is shown in Fig. 10 and is calculated as
the total power dissipated in the four OLEDs and their
feedback resistor divided by the power generated by the
24-V supply.
The highest efficiency occurs when the OLEDs
355generate their maximum power. The total power dis-
sipated by the communication and control electronics
(thus excluding the power dissipated by the driver
chip) is 580 mW.
Fig. 9 Raw sensor measurements data—left swipe and right swipe gestures.
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Without the communication and control electronics,
360 the efficiency would be about 75% for an output power
higher than 2 W.
Compared to state-of-the-art (O)LED drivers, efficien-
cies of about 70% seem quite low at first. Peak power
efficiencies of 96% are reported for a chain of multiple
365 series-connected LEDs attached to the output of the driver.
Yet, when driving a single LED at 1 A output current, this
value drops to about 85%. Moreover, these power efficien-
cies are obtained by using a very large (50–100 µH), almost
ideal external inductor, specifically designed for high-cur-
370 rent applications with a parasitic series resistance of only
100 mΩ. Because the goal of IMOLA is a (semi-)flexible
system with maximal integrated electronics, the use of such
a (bulky) inductor is not possible. Yet, when targeting an
application in which there are no strong limitations regard-
375 ing the thickness of the backplane, discreet inductors can be
used resulting in a slightly higher efficiency.
The optical performance is mainly determined by
the type of OLEDs used; that is, the L0023 OLEDs
(Mosiled) from Philips in this demonstrator. According
380 to the datasheet, the luminous flux is 27.5 lm and the
luminance is 2000 cd/m2 at the nominal current (270
mA). For lighting applications such as the wall light in
Fig. 2, consisting of several OLEDs next to each other,
it is very important to know the luminance uniformity
385 between the different OLEDs. Figure 11 shows the
spectrum of the four OLEDs driven at 250 mA at
the same time. The maximum difference that occurs
between a point on one of the spectra and its
corresponding average point is 2.5 mW/sr/m2, which
390is very close to the margin of measurement error. The
different spectra seen from different angles are shown
in Fig. 12. Indeed, the light output changes with the
angle at which the OLED is observed. This is illu-
strated once more in Table 4, showing the luminance,
395color temperature, and chromaticity components u′
and v′ as a function of the angle to the surface normal.
At 250 mA the luminous flux of one OLED is about
25.5 lm and the power generated by the power supply is
10.7 W, resulting in a luminous efficacy of about 9.5
400lm/W for the total system.
6. CONCLUSION
The concept of a flexible, large-area, OLED-based lighting
system with a modular structure, discreetly integrated electro-
nics, and built-in intelligent light management has been intro-
405duced. Such a flexible, lightweight OLED lighting system is
very important to allow its introduction in a broad market.
The modular construction of an OLED lighting panel makes
it possible to control each OLED cell individually, allowing
aging or degradation compensation in individual OLED cells
410as well as OLED brightness control to support human or
ambient interaction.
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